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Introduction
Ionic liquids (ILs) are ambient temperature molten salts 1 with fascinating properties, including extremely low volatility, tunable chemical properties, and distinctive reactivity. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] The unique properties of ILs are a direct result of the interactions between the ions 12,13 and this led to an explosion of interest to utilize ILs for broad applications such as catalysts, 14 batteries, 8, 9, 15 and hypergolic fuels. [16] [17] [18] [19] Some energetic ionic liquids, the dicyanamide, 16 nitrocyanamide, 19 and azide systems, 17 have shown promising potential for propellant applications, 18 as substitutes for conventional energetic compounds, monomethyl hydrazine/nitrogen tetroxide (MMH/NTO), with several advantages including thermal stability, environmental friendliness, and low volatility. For the task-specific use of ILs, they can be designed accordingly by varying the choices of the cation-anion combinations. Physicochemical properties of ILs change dramatically based on the constituents, and Plechkova and Seddon 20 estimate that possible ion pairings can be as many as 10 18 . This vast number of possible combinations makes it almost impossible to test all available ILs for specific applications. It is therefore valuable to understand in greater depth the fundamental properties of the isolated ion-pairs and to extrapolate and predict the features of ILs.
Recent studies [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] show that isolated ion-pairs can be prepared in the gas phase by thermal vaporization of ILs despite their extremely low vapor pressure. Earle and collaborators 32 reported Distribution A: Approved for public release; distribution unlimited in 2006 that intact cations (C + ) and anions (A -) associated in the vapor are produced by vaporization, and this result initiated multiple studies that investigate the vaporization mechanism and the nature of IL vapor. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] Various experimental methods, such as soft ionization mass spectrometry, 24, 27 line-of-sight mass spectrometry, 22 UV spectroscopy 21 and cryogenic neon matrix-isolation FTIR spectroscopy, 25 provide direct evidence of the existence of vaporized ion pairs in the form of cation-anion 1:1 pairs. Ionization of these vaporized ion pairs by photons or electrons often produces intact cations (C + ) as a result of dissociative ionization (eq 1).
Intact cations are observed whether the origin of the ion pair vapor is a bulk sample or a thin film heated for the vaporization. However, highly reactive ionic liquids show dissociative ionization as well as decomposition, and it becomes difficult to identify the intact cation signal and to distinguish thermal decomposition from fragmentation of ion pairs upon ionization. This makes it nearly impossible to study reaction mechanisms and kinetics of hypergolic ionic liquids because of the difficulty of detecting small changes in their complicated mass spectra.
Typically ions with high internal energies fragment extensively producing a mass spectrum that contains a wide variety of abundant fragment ions. 33 The internal energy content of the molecular ion (M + ) is from two sources: the thermal energy and the energy imparted by the ionization process. Molecular ions (M + ) of labile molecules can only be detected if the internal energy of the molecular ion is kept very low, by obtaining mass spectra with low photon energies and low temperatures. Aerosol nanoparticle generation [34] [35] [36] [37] [38] [39] has previously been demonstrated as a new way to introduce fragile biomolecules into the gas phase with nearly fragmentation-free Distribution A: Approved for public release; distribution unlimited mass spectra by minimizing their internal energy imparted into the molecular ion in gas phase.
We apply this new method to hypergolic IL studies, to produce isolated ion pairs in the gas phase from IL aerosol particles followed by thermal vaporization, and monitor the ion pair vapor by soft ionization using tunable vacuum ultraviolet (VUV) photoionization mass spectrometry. This report focuses on comparing the degree of fragmentation depending on the isolated ion pair vapor source of a hypergolic ionic liquid, 1-Butyl-3-Methyl-Imidazolium Dicyanamide 
Experimental Apparatus
Isolated ion pairs of ionic liquids are generated in the gas phase by thermal vaporization of IL aerosol particles and are monitored using soft ionization detection with tunable vacuum ultraviolet (VUV) photoionization mass spectrometry. Those ion pairs that are generated by aerosol particles are compared to those generated by a conventional effusive beam. 24, 26, 27 The aerosol experimental apparatus at the Chemical Dynamics Beamline 9.0.2 of the Advanced Light Source in Berkeley, California, previously described in detail, 35 includes a particle generation system, a particle size analyzer, and an aerosol mass spectrometer (AMS). In the other sets of experiments, isolated ion pairs are prepared as an effusive beam, which is a typical pyrolysis source using an aluminum oven body heated by resistive heater cartridges. IL sample is heated to 350 K overnight prior to experiments in order to remove contaminants. IL vapor is emitted through an opening in the oven as an effusive beam by heating the 0.5 ml size reservoir of a glass vial located in the aluminum oven. 24, 26, 27 The effusive beam is skimmed by an ~1 mm skimmer before the beam is ionized by the VUV light. Similar to the experiments for ion pairs from the aerosol particles, TOF mass spectra and ion yields of the positive ions produced by photoionization of the effusive beam are recorded as a function of photon energy, Distribution A: Approved for public release; distribution unlimited tunable between 7.5 eV and 11 eV in 50 meV steps. All of the measurements, mass spectra, PIE scans, and heater tip temperature scans, for two different sources (aerosol, and effusive source)
Ionic liquid aerosols
were measured at least five, two, and three times, respectively. Temperature scans of the aerosol source were not only repeated but also measured while both heating and cooling the heater tip in order to ensure that there is not thermal decomposition occurring during heating. Collected PIE curves were rebinned into 0.2 eV step data sets for comparison of the two sources, effusive beam and aerosol source beam.
Results and Discussion
Isolated ion pairs of ionic liquids are prepared in the gas phase by thermally vaporizing from aerosol nanoparticles with median diameter around 180 nm; the particle size distribution is shown in Figure 2 . The intact cation, Bmim + (139 amu), that is observed in the mass spectra of the aerosol source beam is most likely produced by dissociative photoionization (eq 1). This is typical evidence 22, 24, 27 for the production of an isolated ion pair in the gas phase upon vaporization of
There is no indication of ionic liquid clusters with water or extensive thermal decomposition (data not shown) from the aerosol source beam as long as the impact heater temperature is kept lower than would be needed to produce cluster formation or thermal decomposition (T d , 573 K 40 ). Furthermore no parent ionic liquid mass is observed, similar to previous studies. 22, 24, 27 The dominant peak other than the intact cation, the loss of two hydrogens from the cation fragment (137 amu), and other small features of 178 and 124 amu mass peaks, which are mainly observed in the effusive beam, suggest that there is enough energy in the aerosol heater zone for the ion pair to dissociatively ionize to other ion species or to decompose into these fragments. The results show that the ion pairs generated from the aerosol source acquire some internal energy that eventually leads to a small amount of dissociative photoionization or decomposition resulting in fragments other than the intact cation upon vaporization or ionization.
In addition to the intact cation (Bmim + , 139 amu) signal, it is also possible to observe the corresponding 13 C isotope peak at 140 amu in the mass spectra of the aerosol source beam. The relative yields of the 13 C isotope peak, 8.4 ± 0.4% measured at a photon energy of 8.5 eV, and 8.9 ± 0.3% measured at photon energy of 9.4 eV, are in good agreement with the natural isotope abundance, 8.8%, for Bmim + (139 amu) with eight carbon atoms. The general difference in the mass spectra of the aerosol source beam and the effusive beam is that the major photofragments from the effusive beam are the minor ones in the mass spectra of the aerosol source beam. Since those minor photofragments of the aerosol source beam, 178, 138, and 124 amu, are due to the excess energy imparted to the isolated ion pair, it shows that the aerosol beam has isolated ion pairs with considerably less internal energy resulting in much less extensive dissociative ionization and reaction. Ion pairs vaporized from the effusive source have a high probability to gain more energy and possibly react via intermolecular collisions and multiple high temperature wall collisions, resulting in a considerable internal energy, whereas aerosol particles vaporized at the heater tip by a single impact are both energized and further cooled by evaporation, resulting in an ion pair vapor that has less decomposition or reaction and a lower temperature. This means that the isolated ion pair vapor prepared from aerosol particles has less internal energy imparted upon thermal vaporization compared to those from the effusive beam, which is in good agreement with previous studies, 36 where reduced thermal internal energy content is reported for biomolecules in gas phase produced by aerosol particle vaporization.
Therefore, to explore the unique reaction dynamics of hypergolic ionic liquids, aerosol particle vaporization is a suitable way to introduce intact ion pairs into the gas phase to decrease the internal energy, essentially by having only one impact on the heater tip to evaporate and energize the molecules into the gas phase.
Another difference in the mass spectra of the aerosol source beam and the effusive beam is that the signal-to-noise of the aerosol source beam measurement (S/N, ca. 800) is better than the effusive beam measurement (S/N, ca. 7). Data for the aerosol source beam is collected for 2,000,000 pulses while the data for the effusive beam is collected for 500,000 pulses, which is 4 times less integration time than the aerosol source beam. If we assume that the signal-to-noise will increase by the square root of the integration time, the mass spectra of the effusive beam will have a signal-to-noise of ca. 14 better at the same integration time as the aerosol source beam measurement. Thus the signal-to-noise in the mass spectra of the aerosol source beam is an order of magnitude greater with the effusive beam after taking into account the integration time difference. Better signal-to-noise in the mass spectra of the aerosol source beam is probably due to the closer distance of the vaporization source from the ionization region. This shows that the aerosol particle vaporization has the advantage in not only producing molecules with less internal energy, but also in having superior signal-to-noise in TOF measurements. changes. Given the distinctively strong intensity of the intact cation and superior signal-to-noise with this aerosol experimental setup, which has also been shown to be capable of studying reaction dynamics, 43 future studies are planned to utilize and apply this technique to further understand hypergolic IL reactivity.
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